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SUMMARY Retrograde coronary artery flow was observed angiographically in 43 patients with aortic stenosis and/or regurgitation.
In the 24 patients with pure or predominant aortic stenosis, retrograde flow was seen in all 24 during end-systole. In the eight patients with pure aortic regurgitation, retrograde flow was seen mainly during end-diastole (6/8). Among the 11 patients with stenosis and regurgitation, retrograde flow was both end-systolic and enddiastolic. Dominant left coronary arteries were seen in 13 patients; 13 showed retrograde flow in the dominant arteries. Dominant right coronary arteries were seen in 25 patients: all 25 showed retrograde flow equally in the right and left coronary. Five of the 43 patients could not be evaluated for dominance because of coronary artery THE MECHANISM OF ANGINA PECTORIS is a subject of great interest, especially in patients with aortic valve disease and normal coronary arteries. It is suspected that these patients have inadequate coronary flow in spite of normal coronary arteries. Several experimental studies of phasic coronary flow have shown reverse systolic flow in dogs with congenital subaortic stenosis' and reverse diastolic flow in dogs with mechanically induced aortic regurgitation.2 Although phasic coronary flow has not been investigated in patients with aortic valve disease, it has been shown that patients with aortic stenosis have impaired coronary vascular reserve3 and subendocardial underperfusion. 4 Abnormalities of phasic coronary flow can be seen on the coronary arteriograms of patienrts with aortic stenosis and/or aortic regurgitation, but have not yet been described in detail. The purpose of this study is to describe angiographic retrograde coronary flow in a series of patients with aortic valve disease and to correlate it with clinical information and hemodynamic parameters.
occlusions. The severity of retrograde flow did not correlate with usual clinical, hemodynamic or tension-stress parameters: angina, electrocardiographic abnormality, end-diastolic pressure or volume, end-systolic pressure or volume, ejection fraction, severity of aortic regurgitation, peak or mean valve gradient, aortic valve area, myocardial tension and stress calculations, or DPTI:SPTI.
In summary, retrograde coronary artery flow was seen in all 43 patients with severe aortic valve disease. The time in the cardiac cycle when retrograde flow occurred was related to the type of valve disease. Retrograde flow was seen mainly in the coronary arteries supplying the left ventricle and may result from increased regional myocardial stresses.
Methods
Proximal coronary artery retrograde flow was evaluated in 43 consecutive patients (33 male, 10 female, ages 33 to 67) with aortic stenosis and/or aortic regurgitation. All patients included in the study had undergone diagnostic cardiac catheterization because of syncope, chest pain, and/or congestive heart failure. Informed consent was obtained from all patients. Catheterization was carried out with patients under mild sedation (sodium pentobarbital, meperidine, or promethazine hydrochloride), local anesthesia, and in the fasting state. Pressures were recorded with fluid-filled catheters connected to P23Db Statham transducers. The left ventricle was injected with 25 to 40 ml of meglumine diatrizoate and sodium diatrizoate (Renografin 76) from a catheter passed retrograde across the aortic valve or transeptally. Cineangiograms were made at 60 frames per second with the patients in the right anterior oblique position during deep inspiration. Selective coronary arteriography was performed by either the Sones or Judkins technique after administration of nitroglycerin. Coronary arteriograms were recorded on all patients using a 6* image intensifier on 35 mm film. Some patients had additional angiograms recorded on 70 mm spot film (1-4 frames/sec). Aortic angiograms were performed by injecting 25 to 50 ml of meglumine diatrizoate (Renografin 76) from a catheter placed 2 to 3 cm above the aortic valve in either the right anterior or left anterior oblique position. Cardiac output 494 CI RCULATION was calculated by Fick, green dye or thermodilution methods. Aortic valve area and valve pressure gradients were calculated for patients with aortic stenosis.
Proximal coronary artery retrograde flow was evaluated using the coronary arteriograms. The left coronary artery and right coronary artery were examined separately in each patient. A relative grading among the 43 patients was done by the same observer on three separate occasions and verified by a second observer in selected cases. The judgment of the first author, who reviewed all films, was used in instances of disagreement. Grading from 1 (minimal) to 4 (severe) depended on the distance of reverse flow in the proximal coronary artery. The grades were established as follows: I = distance of reverse flow was less than ¼h the opacified length of artery; 2 = distance of reverse flow was approximately 1/4 the opacified length of artery; 3 = distance of reverse flow was approximately ½/2 the opacified length of artery; and 4 -distance of reverse flow was more than ½/2 the opacified length of artery. Figure 1 shows sequential 70 mm frames of diastole and systole from a patient with aortic stenosis. The first frame shows the beginning of the contrast So' L w~1 DIASTOLE 3 injection in the left coronary artery. Frame 2 illustrates reverse flow of the contrast material; that is, the length of the opacified arteries is less than that seen in the previous frame. Also, there is a distinct billow of contrast material seen simultaneously in the aortic root. Frame 3 shows further opacification along the length of the artery and distal branches. Frame 4 illustrates a repeat of reverse flow; distal branches are no longer seen, and the contrast material has again billowed into the aortic root. The retrograde flow in this particular patient with aortic stenosis and minimal regurgitation was graded 3.
The time of retrograde flow was established as endsystolic or end-diastolic using two criteria: I) by observing the motion of the coronary arteries. During systole the coronary arteries appear tortuous, and during diastole the coronary arteries appear more straightened with more area between branches. observing the flow of contrast material from the coronary artery orifice into the aortic root. During end-systole, the contrast material flows up the ascending aorta with the end of ejection or shows the closing valve leaflets. End-diastolic retrograde flow occurred only in patients with aortic regurgitation; therefore, the contrast material flowed through the aortic valve, often opacifying the left ventricle to a slight degree. The angiographic timing of retrograde flow is not precise enough to describe beyond end-systole or enddiastole.
The dominant coronary artery was determined for each patient and defined as the artery supplying the left ventricle with a posterior descending branch. Patients were also evaluated for coronary artery disease. Occlusions were graded 0-25, 25-50, 50-75, 75-100% and any visible collateral vessels were graded.5 Aortic regurgitation was estimated and graded from + 1 to + 4 according to the method of Mennel et al.' Left ventriculograms in the right anterior oblique projection were used to calculate volumes and ejection fraction.7' Cardiac cycles during or immediately following premature ventricular contractions were not analyzed. Myocardial tension and stress were calculated from the left ventriculogram according to the time of retrograde flow; end-systolic, end-diastolic, or both. Tension (T) was calculated as PR 2 where P = peak left ventricular pressure and R = the radius of the left ventricle.9 Stress (S) was calculated as PR2 S = W(2R+W) where P = peak left ventricular pressure, R = the radius of the left ventricle and W = the left ventricular wall thickness at the equator measured angiographically.' 9 Simultaneous pressure recordings from the left ventricle and aorta were used to estimate the ratio of subendocardial coronary blood flow to the left ventricular oxygen requirements as previously reported by Vincent et al. 4 According to this method, potential subendocardial perfusion is estimated by using a diastolic pressure time index (DPTI) obtained by planimetry of the area between the superimposed aortic and left ventricular pressure curves in diastole. Myocardial oxygen requirements are estimated from a modified tensiontime index, obtained by planimetry of the area beneath the left ventricular pressure curve from the onset of ventricular systole to closure of the aortic valve. Since this is a pressure measurement rather than a tension measurement, it is termed the systolic pressure-time index (SPTI). The ratio DPTI:SPTI is used as an estimate of the adequacy of left ventricular subendocardial blood flow.
Patients were classified into clinical groups as follows: 1) pure or predominant aortic stenosis if stenosis was the major diagnosis (all patients had an abnormal valve area and mimimal aortic regurgitation), 2) pure aortic regurgitation if regurgitation was the sole valvular diagnosis, and 3) aortic stenosis and regurgitation if there was an abnormal valve area and significant angiographic regurgitation (greater than + 2).
Statistical analysis of all data was performed on an IBM 370 computer using a standard one-way analysis of variance: Stenosis and regurgitation (11) 11 8 Statistical Package for the Social Sciences Program; SPSS-ONE WAY.
Results Proximal retrograde coronary artery flow was observed in all 43 patients with severe aortic valve disease ( fig. 1 ). Table  1 lists the time of retrograde flow in all patients. In the 24 patients with pure or predominant aortic stenosis, retrograde flow was seen only during end-systole, with the exception of one patient. In the eight patients with pure aortic regurgitation, retrograde flow was seen during end-diastole (6/8). Eleven patients had both aortic stenosis and aortic regurgitation; all 11 showed both end-systolic and enddiastolic retrograde flow. Table 2 concerns retrograde flow in relation to coronary artery dominance. Dominant left coronaries were seen in 13 of the 43 patients. All 13 had retrograde flow in the dominant artery and, of those, three with especially severe valve disease showed minimal retrograde flow also in the nondominant right coronary artery. Dominant right coronary arteries were seen in 25 patients; all 25 showed retrograde flow equally in the right and left coronary arteries. Five of the 43 patients could not be evaluated for coronary artery dominance because of total arterial occlusions.
The degree of retrograde flow was compared to several clinical features and hemodynamic calculations. Table 3 lists the retrograde flow severity, hemodynamic parameters, and electrocardiographic abnormalities for each patient. There was no significant correlation between retrograde flow and end-diastolic pressures or volumes, end-systolic pressures or volumes, ejection fraction, or ECG abnormalities (STsegment depression or elevation, T-wave depression or elevation).
There was no significant correlation between retrograde flow severity and the absence or type of angina pectoris. Peak or mean aortic valve gradients and retrograde flow severity were also unrelated (r = -0.04 and 0.04, respectively).
The majority of patients with aortic stenosis had valve areas of less than 0.8 cm.2 However, the severity of stenosis did not correlate with the severity of angiographically estimated retrograde flow (r = -0.16).
Coronary artery disease was present in 18 of the 43 patients. Among these, nine had severe retrograde flow (grade 3 or 4) compared to six of the 25 patients without cor- On a scale of 0-4, all six had grade 1 (minimal) collateral vessels. There was no particular distribution of collaterals. All six had dominant right coronary arteries with equal retrograde flow in the right and left coronary arteries regardless of the direction of collateral flow. No collateral vessels were seen in 12 patients in spite of > 75% occlusions in ten of these patients.
Regarding patients with pure aortic regurgitation, the severity of retrograde flow may be related to the degree of aortic regurgitation. This group included only eight patients, and statistical analysis was probably not valid on such a small group; but the r value for patients with aortic regurgitation alone without CAD was 0.87, N = 5; aortic regurgitation with CAD, r = 0.0, N = 3.
Calculations of myocardial tension were made according to the time of retrograde flow. Therefore, end-systolic tension was calculated for aortic stenosis patients; end-diastolic tension was calculated for aortic regurgitation patients, and both end-systolic and end-diastolic for aortic stenosis and aortic regurgitation patients. The correlation between retro-grade flow and myocardial tension calculations was less than 0.4. Myocardial stress was calculated in the same way, according to the time of retrograde flow.
As seen in myocardial tension measurements, there was no direct correlation between the severity of retrograde flow, and the myocardial stress and correlation coefficients for patient groups were less than 0.6 with the exception of one patient subgroup. The relationship of tension and retrograde flow in eight patients with aortic stenosis and CAD had a correlation coefficient of 0.8.
Retrograde flow was also compared to DPTI: SPTI ratios for all 43 patients. In experimental studies,4 ratios below 0.7 indicated a progressive reduction in total coronary flow to the subendocardium. Almost half the patients in this study (20/43) had DPTI: SPTI ratios less than 0.7, and there is no statistical relationship to the retrograde flow severity; correlation coefficients for the predominant aortic stenosis group was 0.64; the aortic regurgitation group, 0.48; and -0.35 for all patients.
Discussion
The primary purpose of this study was to describe proximal coronary artery retrograde flow as seen angiographically in a series of patients with aortic valve disease. A second object was to correlate the degree of retrograde flow with clinical and hemodynamic characteristics. There was no clear correlation with any single parameter. However, several observations indicate that retrograde coronary flow may be caused by a combination of factors. Before these are discussed, we will briefly review the determinants of coronary flow. Figure 2 is a schematic representation of the basic factors which influence coronary flow. The flow is proportional to the pressure head divided by the sum of the resistances. The pressure head (P) involves both the aortic pressure and the gradient at the coronary orifice. The latter can be a direct result of aortic valve function. In the normal valve, strong vortices form in the aortic sinuses which aid the cusp position during peak systole. At deceleration in the aorta changes the pressure across the cusps and begins valve closure. The aortic sinus vortices produce the pressure gradient at the coronary orifice.1`12
Besides the pressure in the aortic root, a number of resistances in the arterial bed affect coronary flow. There may be large vessel resistance (R1) such as occlusions, intramyocardial resistance (R,) or stress, and local metabolic resistances (R3). Several findings of this study may be related to this concept.
First, the timing of retrograde flow was a fairly consistent observation; end-systolic in pure or predominant aortic stenosis, end-diastolic in aortic regurgitation, and both endsystolic and end-diastolic in combined cases of stenosis/regurgitation. This suggests that the valve abnormality is an important factor. Bellhouse et al.', 12 described the distorted flow through stenotic valves. They used a pulsatile model of aortic stenosis and studied the flow during systole. They concluded that stenosis causes a turbulent jet during ejection and prevents the normal vortex formation in the aortic sinuses. The result is a low pressure region outside the turbulent jet and in the aortic sinuses. In severe stenosis this abnormal gradient could reverse blood flow from the proximal coronary artery back into the aortic root. The same reversal of coronary flow might occur with a regurgitant valve. That is, during diastole the proximal coronary flow could be pulled back into the aortic root with the stream of regurgitation. However, in this study the lack of any direct correlation between aortic valve areas and the degree of retrograde flow indicates that the valve function is probably not the only process involved.
A second notable finding was the relationship between retrograde flow and coronary artery dominance. The fact that retrograde flow was seen mainly in the arteries supplying the left ventricle suggests that the primary cause is intramyocardial stress. This seems likely considering the timing of retrograde flow; patients with aortic stenosis often have small end-systolic volumes and patients with aortic regurgitation often have large end-diastolic volumes, causing abnormal increases in intramyocardial stress at end-systole or end-diastole, respectively. The sharp rise in intramyocardial stress may literally squeeze coronary flow into a reverse direction during one phase of the cardiac cycle. Unfortunately, detailed stress analysis of the intact left ventricle is not yet feasible. Although our calculations of stress and tension were made at the approximate time of retrograde flow, they estimate only an average wall stress or tension and do not reflect regional or transmural stresses in the left ventricle. Therefore, our data do not negate the theory that increased stress causes retrograde flow.
Three patients in the current study with particularly severe aortic valve disease (aortic valve area less than 0.4 cm2) show minimal or moderate degrees of retrograde flow in nondominant right coronary arteries in addition to dominant left coronary arteries. This suggests that the abnormal valve function may be less important than intramyocardial stress as a cause of retrograde coronary flow.
The majority of patients in this study did not have obvious large vessel resistance, except the 18 patients with coronary artery disease in addition to the valve disease. Reverse coronary flow has been briefly described in patients with coronary artery disease only (with > 50% occlusions).'3 In our CIRCULATION study, the patients with coronary artery disease tended to show more retrograde flow than those with valve disease only. Statistically, this was significant only in the group of patients with aortic stenosis and CAD: r = 0.80. Thus, resistance created by coronary artery narrowing may enhance the degree of retrograde flow in patients with aortic valve disease.
Another point of interest is that only 33% of the patients with aortic valve disease and coronary artery disease had visible collateral vessels, compared to 69% in a large series of patients with coronary artery disease only, as previously reported from this laboratory.5 The decreased incidence of collateral vessels in these patients suggests that increased myocardial stresses could prevent the formation of good collateral vessels in patients with aortic valve disease. The formation of collateral vessels in aortic valve disease needs further study before definitive statements may be made, however.
With reference to figure 2, the patients in this study may have the following combination of conditions: abnormal pressures at the coronary sinus (P), large vessel resistance in those with additional coronary artery disease (R1), and temporally abnormal intramyocardial stress (R2). This may also include altered resistance caused by collateral vessels, either increased in arteries receiving collateral flow or decreased in arteries providing collateral flow. Collaterals were seen in only a small number of patients; however, each had an equal degree of retrograde flow in right and left arteries regardless of the direction of collateral flow. The small number of patients with collaterals in our study, plus the fact that small collaterals are not visualized angiographically, limit our discussion of this matter. Local metabolic regulators (R3) are probably a minor factor, since retrograde flow is a phasic phenomenon.
The significance of retrograde coronary flow is not known. The degree of retrograde flow did not correlate with angina pectoris or estimated DPTI: SPTI ratios. It may be that retrograde flow occurs only in the proximal coronary artery and does not reflect the state of subendocardial perfusion. Experimental studies are needed to determine the relationship between retrograde coronary flow and myocardial perfusion. When further studies have been made, the clinical importance of retrograde coronary flow in aortic valve disease can then be assessed.
